KM) †These authors contributed equally to this work. Abstract 1 Nucleocytoplasmic large DNA viruses (NCLDVs) blur the line between viruses and cells. 2 Melbournevirus (MelV, fam. Marseilleviridae) belongs to a new family of NCLDVs. 3
Introduction 1
Nucleocytoplasmic large DNA viruses (NCLDVs) share genetic and structural traits, and 2 propagate widely in free-living unicellular microorganisms such as protozoa and some 3 algae (Iyer et al., 2001) . Comparative genomics of NCLDVs has evoked speculations on 4 the origin of DNA viruses as a distinct domain of life and their role in the evolution of 5 cellular organisms . 6
The initial representatives of the icosahedral NCLDVs infecting unicellular 7 eukaryotes were isolated from Chlorella, a fresh water algae. These include the 190 nm in 8
diameter Paramecium bursaria chlorella virus type 1 (PBCV-1), the 220 nm in diameter 9
Phaeocystis pouchetii virus (PpV01) and the 150 nm in diameter Phaeocytis globosa 2003). The Mimivirus particle forms a pseudo-icosahedral core of 450 nm in diameter 14 covered with long fibers, 150 nm in length (La Scola et al., 2003 , Xiao et al., 2005 . 15
Since the discovery, a vast number of Mimivirus-like viruses have been isolated from 16 fresh water, seawater, and soil samples, as well as from living organisms (Claverie et al., 17 2009, Saadi et al., 2013 , Dornas et al., 2014 . Marseilleviridae is a recently established 18 family among the large amoebal DNA viruses . They possess capsid 19 structures that vary in size from 190 to 250 nm. The particle architecture and the genome 20 complexity classify them into a unique family separated from the Mimiviridae viruses 21 Faustovirus, another recently isolated large amoebal virus, is classified into yet another 23 new family of the NCLDVs. It is phylogenetically close to African swine fever virus 1 (ASFV) (Reteno et al., 2015) . All these NCLDVs seem to share an evolutionary 2 relationship, albeit complex, based on a core set of conserved genes and their virion 3 structures (Iyer et al., 2001 , Koonin and Yutin, 2010 , Yutin and Koonin, 2012 . Their 4 genomes encode a conserved major capsid protein (MCP). The MCPs form pseudo-5 hexagonal trimers of approximately 70 Å in diameter, which is the constructing unit 6 (capsomer) in the capsid lattice (Nandhagopal et al., 2002) . 7
Structural studies of the NCLDV particles are important for understanding their 8
assembly, mechanism of cell entry and evolution, but the challenges lie in their large 9 sizes. Few of the large algal and amoebal virions have been structurally analyzed. The 10 first electron cryo-microscopy (cryo-EM) structure of NCLDVs revealed that the large 11 capsid adopts an icosahedral lattice with a large triangulation number (T-number). The 12 pseudo-hexagonal capsomers form pentasymmetron and trisymmetron superstructures 13 (Yan et al., 2000) . The capsid structures of the algal PBCV-1 and PpV01 with T=169 and 14 T=219 symmetries were determined to around 30 Å resolution using cryo-EM single 15 particle analysis (SPA) (Yan et al., 2005 , Yan et al., 2000 . Recently, the two capsid 16 layers of the amoebal Faustovirus with T=64 (inner layer) and T=277 (outer layer) 17 symmetries were determined to 15 and 26 Å resolution, respectively (Klose et al., 2016) . 18
The T=277 was the largest-ever determined T-number among icosahedral viruses. 19
Although the T-number of the capsid lattice of Mimivirus is likely to be even larger and 20 is suggested to be in the range of 972 ≤ T ≤ 1200, the exact value has not yet been 21
identified. The structure of the Mimivirus particle has been determined using cryo-EM 22
SPA without allowing the determination of the T-number of the capsid lattice due to the 23 low resolution resulting from the large size and the asymmetry of the virion ( 
Identification of structural proteins in the MelV particle 3
We analyzed the protein components of purified Melbournevirus (MelV) particles by 4 SDS-PAGE. The MelV virions contain at least 10 major proteins in abundance and many 5 minor proteins (Fig. 1A) . The most intense band appears around 50 kDa and is thought to 6 correspond to the MCP (MW 52.4 kDa), which is conserved across many NCLDVs 7 (black arrow in Fig. 1A ). 8
The purified virus particles were also analyzed by tandem mass spectrometry 9
(MS)-based proteomics analysis after 9 M urea treatment (Table S1 ) and 58 MelV-10 encoded proteins were identified with high reliability (SEQUEST score > 80) including 11 three histone-like or histone-related proteins. In addition, we identified several putative 12 viral enzymes: a cysteine peptidase, helicases, AAA-family ATPases, thioredoxins, 13 putative serine/threonine protein kinases, an uracil-DNA glycosylase, a putative 14 glycosyltransferase, a mannosyltransferase, an amine oxidase, a putative ribonuclease, a 15 sulfhydryl oxidase, 31 functionally uncharacterized proteins, and 6 putative membrane 16 proteins. Proteins probably deriving from the acanthamoeba host such as actin (Accession 17 number (AN): L8GT00, P02578) and a few stress-induced proteins were also identified 18 with relatively low scores. Further characterization of the structural proteins was 19 conducted by treating the sample with varying urea concentrations. As a result, we 20 identify five proteins that can be considered highly urea-resistant ( Fig. 1B) , including the 21 conserved MCP (MEL_305, AN: A0A097I267, Score 1273). The capsid was robust 22 enough to partially withstand a 4 M urea and thus the incompletely dispersed lattice of 23 MCP trimers might simultaneously have pulled down four other proteins during the 1 centrifugation of the sample washing (Asterisks in Fig. 1B, MEL_236 -AN:  2   A0A097I1Z4, MEL_089 -AN: A0A097I1J3, MEL_025 -AN: A0A097I1D3, MEL_096  3 -AN: A0A097I1K1). It is worth noticing that MEL_236 (AN: A0A097I1Z4), a 16 kDa 4 predicted protein, seems to be as abundant as the MEL_305 MCP (score 1292). 5 6
Cryo-EM and single particle reconstruction 7
The size of the icosahedral MelV particle is ~230 nm in diameter ( Fig. 2A ). An 8 approximately spherical double layer, assumed to be an inner membrane, could be 9 observed beneath the icosahedral capsid (white arrows in Fig. 2B ). The layer seems more 10 diffuse around the 5-fold axes (Fig. 2C ). Almost all particles show a dense interior, which 11
indicates that most of them are filled with the viral genome and proteins. All particles 12 clearly display a dense interior spot, approximately 30 nm in diameter. The shape of the 13 large dense body (LDB) does not seem to be spherical and the location within the particle 14 varies, but it is consistently observed (black arrows in Fig Icosahedral symmetry was imposed during classification as well as averaging of 17 the particles for 3D reconstruction. The spherical layer is clearly observed beneath the 18 icosahedral capsid in re-projections from the 3D reconstruction, but the density was 19 weaker and the double layer structure smeared out around the 5-fold vertices (Fig. 2C ). 20
The LDB and other interior features were also canceled out in the symmetrized re-21 projections. However, the re-projection clearly shows a periodical lattice structure of the 22 capsid (white arrows in Fig. 2C ). In total, 7,005 cryo-EM projection images of virus 23 particles were used for the 3D reconstruction and a resolution of 26.3 Å was acquired (the 1 resolution was estimated on the basis of the 0.5 Fourier shell correlation (FSC) cutoff 2 ( Fig. 2D ). The distance between the two farthest 5-fold vertices of the capsid is 232 nm. 3
The capsid surface is covered with ordered protrusions ( 
Capsid lattice and the T-number 15
The triangulation number T describes the number of identical structural units S = 60T 16 with equivalent (or quasi-equivalent for T>1) environment in the asymmetric unit of an 17 icosahedral capsid, as first described by Caspar and Klug (Caspar and Klug, 1962) . The 18
allowed T-numbers are defined by the formula T = Pf 2 where P = h 2 + hk + k 2 (the 19 integers h and k define the number of lattice points between neighboring vertices) and for 20
any integer of f. Casper and Klug categorized the T-numbers into three different classes: 21 P = 1 (T = 1, 4, 9, 16…), P = 3 (T = 3, 12, 27, 48…) and the skew class with P ≥ 7 (T = 7, 22 13, 19, 21…). They also correctly predicted that structural units can cluster into 23 hexameric and pentameric groups, giving rise to M distinct morphological units or 1 capsomers, with M being the sum of 10 ✕ (T-1) hexamers and exactly 12 pentamers. At 2 the given resolution of the reconstruction, the hexameric capsomers of the MelV particle 3 appear as ordered protrusions (Fig. 2F ). Counting the number of capsomers in two 4 neighboring 5-fold vertices ( Fig. 2E ), we conclude that T = 309 for the MelV capsid 5 lattice. Since 309 is a prime number, f must be 1 and therefore P ≥ 7. Hence, the lattice 6 belongs to a skew class. That gives two options for h and k; either h = 7 and k = 13 or h = 7 13 and k = 7. values corresponding to distinct pentasymmetron-trisymmetron models (Fig. S1 ). In the 22 case (h, k) = (7, 13), the lattice consists of pentasymmetrons with 4 capsomer long edges, 23 and trisymmetrons with 16 capsomer long edges (model in Fig. S1 , left), giving 30 and 1 136 capsomers in each pentasymmetron and trisymmetron, respectively (Table 1) . 2 Alternatively, if (h, k) = (13, 7), the pentasymmetrons have 7 capsomer long edges, and 3 the trisymmetrons have 13 capsomer long edges (model in Fig. S1 , right). In either case, 4 the total number of pseudo-hexagonal capsomers is 3,080 (Table 1) , which in turn are 5 assembled by 9,240 MCPs in the entire capsid lattice. Information of the orientation of 6 the pseudo-hexagonal capsomers is required for deducing which pentasymmetron-7 trisymmetron model is correct for the MelV particle. Although it is difficult to determine 8 the orientations of the capsomers at the current resolution, the model that is built with 9 h=7 and k=13 is structurally and evolutionary more likely (see discussion section for 10 details), hence we will only consider this model hereafter. 11
12

Other features of the capsid 13
The capsid structure of the MelV particle has several unique features, which cannot be 14 along the edges of the 2-fold axes (orange densities in Fig. 3D ). The denser areas near the 23 2-fold axes are located at the intersecting boundary between two trisymmetrons (red-1 edged hexagons in Fig. 3E ). The maximum likelihood-based 2D class-averaged image 2 shows the additional anchoring substructures between the capsid and the bulged out 3 membrane underneath the pentasymmetrons near the 5-fold axes (Fig. 4) . to one unique vertex that is the closest to the LDB, and these aligned subtomograms were 18 averaged (Fig. 5C ). The LDB is most commonly located near the capsid/membrane ( Fig.  19 5C). The 3D probability distribution of the LDB is calculated from the coordinates of the 20 vertices and the LDB (Figs. 5D, 5E, Movie S1). The majority of the LDBs are located 21 400 Å from the closest vertex and 166 Å under the membrane (Fig. 5E ). The LDBs are 22 rarely located exactly on the 5-fold axes (Fig. 5D ). A small number of LDBs are located 1 near the center of the particles (Fig. 5D ). 2
Discussion 1
The resolution of the MelV cryo-EM model as a fraction of Nyquist frequency is 0.25 2 (magnification scale: 3.31 Å/pixel, achieved resolution: 26.3 Å), which is lower than 3 those of other reported cryo-EM models using a CCD (Chen et al., 2008) . Particle 4 heterogeneity, and weak signals coming from the thick sample may have limited the 5 resolution here. Furthermore, since the MelV particle is large, only a handful of MelV 6 virions fit within the field of view at high magnification, making data collection more 7 time consuming than usual. In this study, this restriction limited the number of recorded 8
images and hampered our efforts in improving resolution. 9
The MelV structure determined here is the first and the largest interpretable 3D 10 structure of a member of the Marseilleviridae family (Fig. 2) . The diameter of the MelV related proteins in the purified particle ( Fig. 1, Table S1 ). Marseilleviridae viruses may 19 have a specific genome-packaging mechanism with a histone-like superstructure of their 20 dsDNA genome. 21
According to theory, the capsid lattice of the MelV particle may belong to two 22 possible lattices (Fig. S1 ). To conclusively distinguish between these two cases, a higher 23 resolution model has to be produced, to reveal the specific details of the inter-capsomer 1 connectivity network (Simpson et al., 2003) . Other NCLDVs have pentasymmetrons 2 composed of 4 capsomer long edges ( Table 1 ). The evolution towards larger capsids 3 merely requires increasing the size of the trisymmetrons (Fig. 6) . One of the MelV 4 models (Fig. S1, left model) is consistent with this pattern. The other MelV model ( Fig.  5 S1, right model) would require concerted adaptations of the pentasymmetron and the 6 trisymmetron sizes as well as of the interfaces between them. Thus, the model with small 7 pentasymmetrons (Fig. S1 , left model) is evolutionary and structurally more likely, by 8
parsimony. 9
The 232 nm-sized capsid of the MelV particle is the largest among known 3B-D) might be composed by such minor protein(s). The denser zones are located at the 7 intersection of the boundary between two adjacent trisymmetrons (red-edged hexagons in 8 Fig. 3E ), indicating that the icosahedral facets are jointed like door hinges to adopt to the 9 large curvature at the edge between icosahedral facets. The large disparity in size 10 between the trisymmetrons and the pentasymmetrons may induce additional structural 11 stress and require a mechanism for connecting them. These "hinge" proteins are probably 12 related to the reported "cement" and "glue" proteins of other dsDNA viruses. The "hinge" 13 proteins are not directly assigned by the proteomics analysis, however one or several of 14 the urea-resistant proteins that were found to be associated with the MCPs could serve 15 this purpose (Fig. 1B , Table S1 ). The orientations of the capsomers are distinct at the 5-16 fold axis (Fig. 3A) . This may be the result of the structural diversity of the capsomers at 17 different positions in the quasi-equivalent capsid lattice (Caspar and Klug, 1962) . icosahedrally-averaged 3D model ( Fig. 2A, 2E) . 22
Not much is known about the capsid assembly process of large dsDNA viruses. 1
The current understanding is that the basic structural units are formed as 2 pentasymmetrons and trisymmetrons. It has been demonstrated that these units are key 3 assembly intermediates in the formation of capsids (Wrigley, 1969 , Yan et al., 2005 , 4 Burnett, 1985 ). An icosahedral vertex of the Mimivirus seems to be initially generated MelV had a more spherical and seemingly more rigid membrane structure (Fig. 2B, 2C) . 11
Six membrane proteins were identified in the MS-based proteomics analysis (Table S1 ) 12
and some of them are probably incorporated into the interior membrane bilayer. The 13
MelV membrane is less well-defined at the 5-fold axes and seemed to bulge out (Fig. 2G,  14 4B and 5C). A high degree of integral membrane proteins or anchor proteins of the capsid 15 are likely embedded at these sites, thereby disrupting the spherical membrane structure. 16
The anchoring between the membrane and the 5-fold vertices can be seen in the 2D class-17 averaged projection (Fig. 4) . The CIV particle possesses a similar membrane feature and 18 the anchor proteins tether the lipid membrane to the pentametric 5-fold vertices (Yan et 19 al., 2009) . The membrane in turn may be anchored to the 5-fold vertex aided by 20 membrane proteins to further guide the complete assembly of the particle. However, 21 many questions remain regarding the accurate MelV particle assembly mechanism. 22
Additional proteins are probably needed to guide the capsid assembly of these large 23 virions such as the putative MCP-interacting protein(s) (MEL_236, MEL_089, 1 MEL_025, MEL_096) ( Fig. 1B, Table S1 ). astonishing that a large 30 nm object, similar in size to a small virus or to a ribosome, is 5 incorporated into a virus particle ( Figs. 2A, 2B and 4) . Several gigantic amoeba viruses fold axis or near the center of the particle, and seems to be loosely restrained to the 10 proximity of the capsid/membrane (Fig. 5D ). This tethering of the LDB may be the result 11
of an interaction between the LDB and the membrane. Expected membrane proteins may 12
also impede the precise positioning of the LDBs below the 5-fold vertices (Fig. 4, Fig.  13 5D). The LDB is estimated to be around 1.2 times denser than the capsid layer of the 14 virus ( Fig. 5B ). It is difficult to pack proteins into the LDB in a manner that makes them 15 denser than the capsid lattice. A previous study of bulk cross-linked chromatin fragments 16 consists of a nucleoprotein complex. It is however not feasible to pack the entire 369 kbp 20 genome into such a small volume, but a part of the genome may be more densely packed 21 or bound to transcription factors or a helicase of the MelV. The density of a eukaryotic 22
ribosome is approximately 1.60 g/cm 3 in free form (Vournakis and Rich, 1971 ) and the 23 density of the LDB agree on that of the ribosome, although Mollivirus is the only known 1 giant amoebal virus that incorporates host ribosomal proteins . The 2 eukaryotic nucleus forms a dense nucleolus, where it primarily serves as a site of 3 ribosomal synthesis and assembly (Thiry and Lafontaine, 2005) . Our proteomics 4 experiments show that MelV possesses a conserved putative ribonuclease III 5 (A0A097I1Y1 in Table S1 ). Bacterial and eukaryotic RNase III is required for RNA 6 processing localizing to the bacterial nucleoid and eukaryotic nucleolus (Malagon, 2013 , 7 Wu et al., 2000 . The LDB may include enzymes, transcriptions factors, and parts of the 8 viral genome to initialize the generation of new virus particles. 9
Materials and Methods 1 2
Virus propagation and purification 3
MelV was propagated in Acanthamoeba castellanii cells cultured in PPYG medium (2.0 4 % w/v proteose peptone, 0.1 % w/v yeast extract, 4 mM MgSO 4 , 0.4 mM CaCl 2 , 0.05 5 mM Fe(NH 4 ) 2 (SO4) 2 , 2.5 mM Na 2 HPO 4 , 2.5 mM KH 2 PO 4 , and 100 mM sucrose, pH 6 6.5). The protocol used to purify particles was described previously (Doutre et al., 2014) . 7
In short, the infected culture fluid (ICF) was collected and centrifuged for 10 min at 8 500g, 4 o C to remove cell debris. The supernatant was centrifuged for 35 min at 6,500g, 9 
MS/MS tandem spectrometry and database searches 16
The purified virus particles were divided into three equal volumes, centrifuged at 8,000 g 17 for 45 min, 4 °C, and then the supernatant was removed. These pellets were suspended in 18 9, 4, or 2 M Urea buffer and the proteins were extracted. Thereafter the samples were 19 incubated for 1 h at room temperature, sonicated, and then centrifuged at 16,000 g, 4 °C 20 for 10 min. The supernatants were collected, reduced, alkylated and digested by Trypsin 21 Proteins with a score over 80 according to the SEQUEST algorithm was considered with 12 high reliability to be virions proteins and 58 out of 121 identified proteins were listed as 13 such (Table S1 ).
15
Cryo-EM image acquisition and single particle analysis (SPA) 16
Purified virus particles were applied onto a holey carbon grid (R1. (F415, TVIPS GmbH, Germany) and an electron dose of ∼20 e − /Å 2 . An omega-type 23 energy filter was applied to obtain a zero loss electron beam (20 eV slit width). The 1 underfocus values were approximately 1-5 µm. EMAN2 was used for reconstructing the 2 3D structures from the images (Tang et al., 2007) . Virus particles were boxed separately 3 using e2boxer.py (EMAN2). Contrast transfer function (CTF) calculations and amplitude 4 corrections were performed on boxed particles by e2ctf.py (EMAN2) and then manually 5 verified by adjusting the defocus and B-factor values. Several random icosahedral initial 6 models were calculated using class-averaged virus particle images. Initially 1,979 virus 7 particles were used for the 3D reconstruction. The signals from the obtained images were 8 weak, so binning was applied when calculating the first model. The pixel size after 9 binning was 6.72 Å/pixel. Icosahedral symmetry was imposed during the 3D refinement. 10
During the reconstruction process, outer radial masking, low-pass filtering, and FSC UCSF Chimera (Pettersen et al., 2004) . A 2D class-averaged projection of the MelV 20 particle was also generated by maximum likelihood-based 2D classification using 21
RELION (Scheres, 2012). 22
Tomographic reconstruction and data analysis 1
Five microliters of the virus sample was mixed with the same amount of 15 nm fiducial 2 marker gold colloids. The specimen was loaded onto a holey-carbon grid (R1.2/1. Table 1 Pentasymmetron and trisymmetron organization in five giant viruses
